Positively buoyant autonomous underwater vehicles (AUVs) operate at survey speeds with a pitch angle that is maintained through application of the control surfaces, sufficient to generate hydrodynamic forces to counteract the excess buoyancy. To facilitate lower forward speeds and the ability to hover requires some additional method of control. This paper reviews possible options and then indicates how control can be achieved using a single or pair of through-body tunnel thrusters. New equations appropriate to AUVs are proposed and experimental results are used to estimate the equation parameters. These equations are used within a simulation of the Autosub AUV to determine the response of the AUV during the transition between survey and low speed operation. The results obtained from the simulations are analysed in terms of the performance of the AUV and the demanded energy levels to assess the feasibility of using tunnel thrusters as a low speed control device. 
Positively buoyant autonomous underwater vehicles (AUVs) operate at survey speeds with a pitch angle that is maintained through application of the control surfaces, sufficient to generate hydrodynamic forces to counteract the excess buoyancy. To facilitate lower forward speeds and the ability to hover requires some additional method of control. This paper reviews possible options and then indicates how control can be achieved using a single or pair of through-body tunnel thrusters. New equations appropriate to AUVs are proposed and experimental results are used to estimate the equation parameters. These equations are used within a simulation of the Autosub AUV to determine the response of the AUV during the transition between survey and low speed operation. The results obtained from the simulations are analysed in terms of the performance of the AUV and the demanded energy levels to assess the feasibility of using tunnel thrusters as a low speed control device. Ratio of propeller rotational speed to vehicle speed at self propulsion k 1 Proportion of rotational speed for thruster 1 k 2 Proportion of rotational speed for thruster 2 K 1 Mass of fluid in tunnel thruster (kg) K 2 Thruster quadratic damping (kg.m -1 ) K 3 Tunnel thruster model coefficient ( Autosub is a large torpedo-shaped survey-style Autonomous Underwater Vehicle (AUV) designed for oceanographic research purposes. It has undertaken a wide variety of survey missions including the Autosub Under Ice programme [1] . The vehicle is equipped with a single stern-mounted open screw propeller and (forward of the propeller) a cruciform of four stern mounted control surfaces. The propeller provides the main propulsive force and the control surfaces provide depth and heading control at speed. The vehicle is ballasted to be positively buoyant so that it rises to the relative safety of the surface should the propulsion systems fail. To control the hydrostatic balance during survey operation the vehicle operates with a small negative (nose down) pitch angle, maintained by the control surfaces, which generates a hydrodynamic force equal and opposite to the positive buoyancy force. The vehicle particulars are given in Table 1 . In order to expand the versatility of such an AUV, by permitting slower operational speeds or stationary investigations of situations of interest, additional means of overcoming the positive buoyancy characteristic must be provided when the control surfaces alone are no longer adequate. In this paper an AUV simulation is modified to facilitate such necessary control.
After an initial introduction to the simulation approach adopted alternative approaches of controlling positive buoyancy will be briefly reviewed. Thereafter throughbody tunnel thruster performance and modelling are discussed prior to demonstration of the effectiveness of such an approach to hydrostatic balance control for the case of a single thruster. The motivation to move from a single thruster to two thrusters is then considered as an introduction to an ongoing experimental programme to provide appropriate data and operational insight.
AUV SIMULATION
A six degree-of-freedom simulation of Autosub was developed using Matlab Simulink [2] . The simulation facilitates the examination of the performance of Autosub with different control strategies for undertaking different manoeuvres. The basic model has four key blocks, namely, a speed control block, a depth control block, a heading control block and a model block that calculates the AUV responses, see Figure 1 . The three control blocks are adapted to match the vehicle performance being investigated. The AUV model block simulates the response of the vehicle using the equations of motion for the AUV. The equations of motion used are the Booth et al. [3] submarine equations with hydrodynamic derivatives assigned as determined from experiments [4] . The equations are arranged so that the vehicle accelerations are equated to the appropriate forces and moments acting on the AUV, see Equation (1) .
The AUV model block is split into several parts to calculate different contributions to the forces and moments on the vehicle. These forces and moments are attributed to the hydrodynamic (HYD), hydrostatic (HYDST) and rigid body effects (RB), and the control forces and moments generated by the control surfaces (CS) and propeller (PROP). These contributions are summed and then integrated using a fourth order RungeKutta scheme. At each time step the state vector, which contains the vehicle position, orientation, velocity and rotation vectors, is updated. These newly calculated vectors are passed onto the control blocks and the simulation progresses until a user-specified endpoint has been reached. The simulations are undertaken using the Matlab Simulink variable time step approach, which varies the time step, limited by a maximum value, according to the noted changes in the state vector. The aim of the research was to use the simulation tool to gain insight into the capability and control necessary to permit transition from AUV survey operation to low speed manoeuvring operations. In the initial investigation the simulation was restricted to motions in the vertical plane alone, that is, the sway, yaw and roll motions were neglected and the rudder was held fixed with zero deflection angle. The simulation continues to model the surge, heave and pitch motions controlled by the speed and depth control blocks.
The reduced equations of motion used in the simulation are given as Equations (4), (5) and (6). Since the sway velocity, v, is zero, then
The stern propeller is assumed to only generate a force in the vehicle longitudinal direction (x) and the propeller torque is not modelled. The speed control block takes a required operational forward speed as the input and outputs a command to increase or decrease the propeller force as appropriate. The model block uses a quadratic representation of the propeller thrust characteristics expressed in terms of a rotational speed ratio, defined as:
Here k 0 is the ratio of the rotational speed of the propeller to the vehicle speed at self propulsion; hence k 0 u gives the rotational speed necessary to maintain the vehicle speed. Using this ratio the propeller force model is:
The coefficient set, 2 j 1 j j and ,
, used with j = 1, 4 or 7, depends upon the regime of operation for the propeller as determined by the value of n′ . The coefficient sets reflect the differing propeller performance in differing regimes of operation and are determined from the propeller characteristics.
The depth control is undertaken using a simple control module, which combines both depth and pitch control [5] . This is illustrated in Figure 2 . Having briefly outlined the basic control blocks and indicated the form of the actual motion equations used the earlier cited transition phase motion is addressed next. 
THE TRANSITION PHASE
The simulation tool is used to demonstrate the behaviour of the AUV, in its original survey configuration, as the operational mode changes from constant speed survey operation to the zero forward speed (hover) condition. The reduction in required forward speed is taken at a constant rate. Figure 3 shows the sternplane, pitch and depth response of the vehicle as the forward speed is reduced.
The vehicle starts at a depth of 300m travelling at 1.5m.s -1 with a small sternplane deflection and corresponding pitch angle to generate the force required to counteract the inherent positive buoyancy. As the vehicle begins to slow down the speed dependence of the generated hydrostatic balance control force means that the pitch angle must increase to maintain depth. Therefore the depth control block alters the sternplane deflection angle to increase the pitch angle. As the speed continues to reduce the maximum deflection of the control surfaces is reached, marked by the control threshold at point A. Here the control surfaces can no longer generate sufficient force to maintain the required pitch angle to operate at constant depth. Hence the vehicle depth decreases indicating that the vehicle is rising towards the surface. Furthermore, the pitch angle returns towards zero due to the vehicle's righting moment. This simulation shows that in order to operate at speeds below 0.73m.s -1 (point A) an alternative method of controlling the hydrostatic balance is required.
The maximum deflection angle for the control surfaces is set at 20˚ (for practical reasons) to try to avoid the onset of stall. In fact the simulations do not model stall and the stall angle (and hence maximum lift force obtainable) will reduce with decreasing Reynolds number.
ALTERNATIVE APPROACHES TO CONTROLLING POSITIVE BUOYANCY
There are several approaches to controlling the hydrostatic balance and these can be broadly classified into two categories. The first of these is the use of external systems and the second is internal systems.
External systems require devices to be attached to the outside of the vehicle and are dominated by propeller based thrusters, arranged in various configurations (similar to a Remotely Operated Vehicle (ROV)) [6], but also includes some biomimetic approaches [7] to force generation (flapping foils).
The internal systems demand use of internal space and include variable buoyancy systems [8] and methods that extend the current (survey) approach by maintaining a vehicle pitch angle using non-speed dependent methods such as control moment gyros [9] or moving mass systems [10] .
A key aim in the development of survey-style AUVs is to add the ability to hover and undertake low speed manoeuvres to facilitate interaction with the discovered environment. As this aim requires the addition of further control devices it appears logical to control the hydrostatic balance using a system which enables both hovering and low speed manoeuvring. The most obvious choice for hydrostatic balance control would be to neutralise the buoyancy using a variable buoyancy system. However, this removes the safety net associated with being positively buoyant, it would require considerable internal space and the responsiveness and power requirements would not be suitable for low speed manoeuvring at depth. These factors point towards the use of externally mounted thrusters as these systems are relatively simple, can provide forces throughout the entire speed range and offer good responsiveness. Approaches to vertical motion control using an external thruster are discussed in the development of the Nereus AUV [11] .
A further factor in the development of survey-style AUVs is to try to retain the existing survey efficiency, where possible, creating a multi-purpose vehicle.
Mounting external thrusters on a torpedo style AUV can cause a substantial drag penalty (an increase of the order of 15%) and increase the overall dimensions. These problems are overcome by mounting the thrusters in through-body tunnels. A drawback of mounting the thrusters in tunnels is that this removes the potential flexibility in terms of the thrust-vectoring achievable with externally mounted thrusters.
For this investigation into the control of survey-style AUVs operating in the transition phase the vehicle will be modelled with a single centrally mounted vertical tunnel thruster. The tunnel thruster only generates a force in the vertical plane of the vehicle and, initially, the influence of the thruster on the vehicle pitch is neglected.
Further to these assumptions, the drag penalty due to the presence, or operation, of the tunnel thruster is not modelled and the presence, or operation, of the tunnel thruster is assumed to not affect the vehicle in any other way. The last two assumptions allow the hydrodynamic derivatives determined from experiments using the unmodified vehicle to be retained for the new simulations. These equations are not suited to high angle-of-attack low speed manoeuvres; therefore the simulation is restricted to assessing the performance in the transition zone. These assumptions neglect some of the effects of the interaction of the thruster jet flow with the vehicle and the modified pressure distributions created. These effects are not fully understood at this time and hence are a subject for further research.
Having selected through-body tunnel thrusters and indicated assumptions to be made when undertaking the simulations the next task is to address the modelling of the selected thrusters.
MODELLING TUNNEL THRUSTER PERFORMANCE
An important consideration for enhancing the simulation of an AUV undergoing transition is the provision of the required additional thruster control. In this case a model of the force generated by a tunnel thruster under the various operational conditions is needed. A review of tunnel thruster performance and modelling over a complete plane of operation is included in [12] .
PERFORMANCE AT ZERO SPEED OF ADVANCE
The performance of a tunnel thruster at zero speed of advance is analogous to the static conditions used in thruster characterisation experiments. Thus, the thrust generated can be expected to be proportional to the square of the thruster rotational speed [13].
PERFORMANCE ON A VEHICLE UNDERGOING FORWARD MOTION
The performance of a tunnel thruster on a vehicle, undergoing forward motion, is more complicated due to the interaction of the ambient flow around the vehicle with the jet emitted from the thruster exit. Experimental results for a submersible operating in this condition [14] show a large decrease in the force experienced by the vehicle compared to the equivalent static thrust. Figure 4 illustrates these results. The effective force is presented as a fraction of the equivalent static thrust, K F , against the speed ratio of the vehicle speed, u, to the thruster exit jet speed, u j . The decrease in the effective force is not due to a change in the performance of the thruster unit itself, but is attributed to the complex flow conditions generated by the interaction of the thruster exit jet flow with the ambient flow around the vehicle [15] . (The flow conditions at the inlet are not thought to have a significant impact on the effective force [16] .) The interaction causes a low pressure region downstream of the jet exit (see Figure 12 ). This causes a suction force that opposes the thruster force.
Whereas Figure 4 presents data in terms of the speed ratio, some authors show the decrease in effective force is solely a function of the ambient flow speed and therefore independent of the jet speed (and hence thrust) [16, 17] . Furthermore, detailed experimental studies of jets emitting from flat plates into ambient flows have shown that for low speed ratios the jet dominates the ambient flow. Hence the low pressure region is created solely by the induced separation of the ambient flow boundary layer [18, 19] . That is, for low speed ratios the reduction in effective force is solely a function of the ambient flow speed and is independent of the jet exit speed.
However, as an AUV undergoes transition the range of forward speeds experienced means it would not be valid to assume that the thruster is always operating at low speed ratios. Further to this, the dependence of the interaction between the jet and crossflow on the development of the boundary layer over the body makes the performance of each different vehicle configuration unique.
Therefore a set of experiments was undertaken [20] to assess the performance of a tunnel thruster on a torpedoshaped AUV over a wide range of forward speeds and small yaw (or by symmetry, pitch) angles. These experiments yielded the effective force against speed ratio relationship presented in Figure 5 . The results showed a consistent trend of dependency on the speed ratio rather than forward speed, with minimal variation resulting from the small yaw angles investigated. Having illustrated similar trends between Figures 4 and 5 a method of modelling the thruster is presented. 
MODELLING UNDERWATER THRUSTERS
The steady state performance of propeller based thrusters has been studied extensively in the development of surface vessels (see for example [21] ). However, the dynamic performance of a thruster can dominate the overall control of an underwater vehicle at low speeds [22] . Hence, over the past two decades there has been a series of developments in the modelling of underwater thrusters focussing on their dynamic performance.
The first group of models were based on considering the thruster and tunnel as a control volume and applying momentum and energy theorems to derive relationships between the generated thrust, F, and torque, Q, and the flow through the thruster, u p [23, 24] . These relationships are combined with a model of the motor and blade element relations. One such model [25] can be summarised as follows:
Here J m is the motor inertia, n is the rotational speed of the thruster, Q m is the motor control torque, K m is the motor torque constant, and K 1 and K 2 are constants representing the mass of fluid in the tunnel thruster and the thruster quadratic damping. Developments of these models include more accurate representations of the lift and drag characteristics of the blade sections for use in the blade element relations for the functions F and Q
MODELLING TUNNEL THRUSTERS
The original thruster models [23, 24] were developed by considering simplified representations of tunnel thrusters and comparing these models with experimental results. However, the loss of performance when the ambient flow is no longer zero and the fact that the effective force acting on the vehicle is required, rather than the actual thruster force, meant that new models became desirable.
A literature survey for tunnel thruster performance models on a moving underwater vehicle found only one model. This was developed using experimental data [29] . The authors tested the performance of the thruster in three different operating modes, namely: forward travel, low speed manoeuvring and high speed turning. The basis model used was similar to Equation (7). It was found that the dynamic performance of the thruster was not significantly altered by the operating mode of the vehicle; however the steady state performance was affected. This led to the development of an augmented model:
where a and b are determined from a look-up table of experimental results. An attempt to incorporate the vehicle forward speed into the basic model was found to be unsuccessful. The authors reported that the augmented model successfully captures the effects of forward speed and yaw angle on the performance of a tunnel thruster. However, the model only considers the thruster forces and no account was made for the ambient flow effects.
Other AUV simulations incorporating tunnel thrusters have simply assumed the performance of the thruster is unaffected by the ambient flow conditions and thus the force applied is that generated by the thruster with a moment arm defined by the location of the thruster [30] .
Tunnel thrusters are similar in both their design and use to the secondary (commonly, bow) thrusters found on surface vessels. A literature survey for these types of models again yielded few results. A simple model [31] , which calculates the force on the vessel depending on the vessel forward speed alone, has the form:
where K 3 and c are constants. This exponential form can be used to accurately model the variations in effective force when the force is decreasing, that is, at the low speed ratios the model is designed for, but deviates from the experimental data as the force recovers at higher forward speeds (as seen on surface vessel data).
Manoeuvring simulations performed at the Marine Research Institute Netherlands (MARIN) on vessels with secondary thrusters use a series of coefficients from lookup tables relating the performance under given conditions to the equivalent static performance as derived from a series of experiments on representative hull forms [32].
A PROPOSED AUV TUNNEL THRUSTER MODEL
The preceding sections and literature review have found no published and established modelling approach for tunnel thrusters, either on AUVs or surface vessels. It is believed that this is due to the complexity of the flow phenomena generated and the dependence on the particular configuration in question. Furthermore, there is uncertainty over the effect of the operation of the tunnel thruster on the vehicle as a whole, that is, the change in performance of the vehicle due to the interaction of the exit jet flow with the vehicle downstream of the tunnel thruster.
To attempt to increase the understanding of the performance of a vehicle using tunnel thrusters and to gain insight into how to control an AUV it is important to be able to model the tunnel thruster as accurately as possible. To achieve this a simple model of the static performance has been developed. The recently measured experimental results [20] support the conclusion from [29] that the dynamic performance of the thruster is unchanged by the ambient flow conditions and hence a model such as Equation (7) can be used for the dynamic performance.
At zero (and very low) speed of advance the thruster can be assumed to operate as the static performance and thus the thrust can be assumed to be proportional to the square of the rotational speed, that is:
On a vessel undergoing forward motion the thruster performance is simply the static performance factored by an exponential reduction based on the speed ratio, that is:
The novel tunnel thruster model of Equation (11) has been incorporated into the AUV model block of the earlier cited simulation as an additional force in the heave equation. The model coefficients, K 3 and c, were selected using a least squares fit to the experimental data [20] and assume the values 0.90 and 6.69 respectively.
THRUSTER AND STERNPLANE CONTROL INTERCHANGE
Tunnel thrusters require considerable amounts of energy and their performance varies according to the operational conditions of the vehicle. Therefore, on an energy limited vehicle, their use is restricted to situations where they are the only suitable method of control. Hence they will only be used to control the hydrostatic balance during low speed manoeuvring operation, when the control surfaces can no longer undertake this task, and for hovering. Thus an interchange between the methods of controlling the hydrostatic balance as the vehicle goes through the transition phase is required.
The approach used here uses an interchange function [33] to determine the proportion of the control given to each system. The proportion given to the thruster (TT) and control surfaces (CS) respectively at time step, i, is:
The proportion of the control is determined as a function of the vehicle forward speed and two user-defined parameters, namely, the mid-transition speed, u*, and the 'steepness' of the transition zone, Δσ. A low value of the 'steepness' parameter gives a step change in the control demand at the mid-transition speed, whereas a high value gives a longer smooth transition (centred about the midtransition speed). The depth error is factored by the proportion of the control for each system and is sent to the individual controllers.
The original depth control block has now been split into two parts, namely, a tunnel thruster control module and a control surface control module. These modules have joint control over the depth of the vehicle with the control surface control module retaining the pitch control elements of the original depth control block.
TUNNEL THRUSTER CONTROL MODULE
The tunnel thruster is controlled using a ProportionalIntegral Derivative (PID) controller. It takes the depth error as its input and outputs a thruster rotational speed. The proportional and derivative terms have constant gains applied to them, but the integral term has a variable gain. The integral gain is factored by the result of the interchange function, Equation (12) , to increase or decrease the amount of integral control used depending on the speed of the vehicle. The integrator also has a reset function that is activated by the vehicle speed exceeding the upper limit of the transition zone (where the tunnel thrusters are not to be used).
CONTROL SURFACE CONTROL MODULE
The control surface control module is the same as the original depth control module with the depth error as its input and the sternplane deflection angle as the output. The integral term of the depth control part of the module is modified in the same way as the integral term of the tunnel thruster control module, but with the integrator reset activated by the vehicle speed becoming lower than the lower limit of the transition zone.
SIMULATION DETAILS
The thruster assisted AUV simulations have been undertaken at five different decelerations, with five different values of the transition 'steepness' and eight different values of the mid-transition speed. The decelerations used are chosen to represent gradual flightpath-style transition phases and the mid-transition speeds are chosen to cover the entire range of operability for the control surfaces. The specific values used are given in Table 2 . The results of the simulations will be analysed in two different ways. Firstly, the ability of the vehicle to control itself will be assessed by examining the variations in depth and pitch. Secondly, the amount of energy required for the different approaches will be calculated. Energy is chosen as a measure of the performance, as this is a key factor for an energy limited vehicle and hence an understanding of the impact of certain approaches is necessary.
To calculate the energy it is necessary to define the limits for the calculation. The starting point is simple, that is, the point at which the vehicle begins to slow down. The end point is less well defined. The choice is based upon whether (a) the transition period is considered to end at a common point in time, regardless of the intervening events, or, (b) the transition period ends when the vehicle reaches a steady state hovering condition. The latter will inevitably be a function of how the transition is undertaken and will be different for each simulation. Both of these conditions were examined and the results are presented in Section 6.2.
Here option (a) was implemented as the latest time, of the entire set, for the steady state hovering condition to be achieved during a set of simulations. Option (b) is taken as the time in an individual simulation when the steady state hovering condition is achieved. The hovering condition is assumed to have been achieved when the AUV is within a certain distance of the target depth, arbitrarily set at ±2cm. A set of simulations are those runs with a common level of deceleration and steepness, that is, only mid-transition speed is variable.
The energy required by the thruster is calculated by numerically integrating the power drawn over the time period selected according to option (a) or (b). The thrust, F, is calculated in accordance with Equation (10) and is converted to power using the momentum theory based relationship [13]:
Here α is a measure of the performance of the thruster, compared to an ideal thruster, taken to be 0.55 using a review of available commercial thruster performance and surface vessel bow thruster data. That is, the required energy is given by:
( ) κ is an index representing the number of time steps at the end of the transition zone. Results generated are now discussed.
TIME HISTORY VARIATION OF AUV RESPONSES
Figures 6 and 7 provide depth time histories and their variation with mid-transition speed and steepness for the vehicle undergoing transition with a deceleration of -0.01m.s -2 . The simulation starts with the vehicle travelling at 1.5m.s -1 and the deceleration starts at t = 200s with zero forward speed being reached at approximately t = 350s.
These figures show that the depth change is more sensitive to mid-transition speed than steepness. In general the depth changes are small in magnitude (relative to the size of the vehicle) and larger for lower mid-transition speeds and smoother transitions. These depth changes are not expected to be a problem unless the transition zone is undertaken in restricted waters or this zone coincides with other depth sensitive mission operations. Figures 8 and 9 show the pitch time histories for the same simulations.
These figures yield similar conclusions to the depth time histories, with a much greater dependence on mid-transition speed and larger pitch changes for lower mid-transition speeds. However, a smoother transition gives a smaller pitch change. Once the pitch change has been recovered from the initial speed reductions all the simulations show small amplitude pitch oscillations that continue into the steady state hovering operation.
The amplitude of the oscillations is generally lower with higher mid-transition speeds.
Examining the results presented, and those for the other decelerations, shows that in order to maintain control over pitch, that is, to ensure a smooth variation in pitch and reduce the pitch oscillations, the transition zone should be taken slowly and with a high mid-transition speed. In effect this approach allows the control surfaces a certain length of time (while the majority of the depth control is undertaken by the tunnel thruster) and when the forward speed is high enough pitch fluctuations will be controlled successfully. Examination of the depth, pitch, thruster rotational speed and control surface time histories across the cited range of decelerations show variations are greater according to the length of time spent at a particular speed rather than the rate of change of speed. That is, the lower decelerations mean a greater time at each speed and hence the overall depth and pitch changes are the largest, but these changes are then recovered at a higher speed than for faster decelerations.
VARIATION OF ENERGY REQUIREMENTS AS A FUNCTION OF THRUSTER CONTROL PARAMETERS
A representative set of calculated energy results are presented in Figures 10 and 11 for a deceleration of -0.01m.s -2 , for calculation options (a) and (b) respectively. Both Figures 10 and 11 show that the steepest transition (0.01) is the most costly approach. Investigation of the time histories of the thruster rotational speed allows identification of the higher energy levels to be attributed to sudden jump in demand on the tunnel thruster. Both figures also show that there is little difference caused by variation of the steepness parameter. Figure 11 shows that there is little difference between the energy required across the range of mid-transition speeds when the individual transition periods are considered. If a global transition period (option (a)) is considered then there is a minimum energy point around 0.55m.s -1 as shown in Figure 10 . The differences between the two figures illustrate the amount of energy that would be used in waiting for the global transition period to end. One reason that the transition energy is fairly flat in Figure 11 is that it is easier to achieve transition at higher speeds, in terms of the magnitude of the depth change to correct, but the interaction of the thruster jet with the higher speed flow means the thruster requires more energy to operate.
A series of tests was undertaken to investigate the dependency of the energy on the force required, that is, by how much the vehicle is positively ballasted. The results of this set of simulations (for positive buoyancy varying from 0.15% to 0.6%) found little variation in the general form of the energy results on the force required.
In conclusion these simulations show that there is little variation in the required energy and thus the transition zone should be selected on a basis of the levels of controllability required. Furthermore, to maintain controllability the transition zone should be taken slowly with a high mid-transition speed.
The steepness of the transition zone does not have a large impact provided a step change is avoided. However, larger values of steepness increase the speed range included in the transition zone. So the steepness value selected may be influenced by a desire to have a small transition zone to simplify the overall control and enlarge the operating range of the AUV.
ADDITIONAL MODEL DEVELOPMENTS
To improve the single thruster model the influences of known suction areas downstream of the jet exit require their influences to be assessed and modelled. Thereafter multiple thrusters are considered via a thruster pair.
SINGLE TUNNEL THRUSTER PITCH CONSIDERATIONS
The operation of a single centrally mounted tunnel thruster on a vehicle undergoing transition will induce a nose-down pitching moment due to the low pressure region generated downstream of the thruster, see Figure  12 . This simplified representation ignores the small area of relative high pressure just upstream of the thruster exit and the pressure distribution around the inlet. It is important to be able to understand the effect that this pitching moment would have on the controllability of the vehicle, hence a model of this simplified representation is to be used. The magnitude of the pitching moment is:
Here the force generated by the low pressure region, F LP , is assumed to be equal to the difference between the expected force generated by the thruster, Equation (10), and the actual force experienced as calculated using Equation (11) .
The location of the low pressure region, and hence the moment arm of the force this low pressure region generates, is a function of how the thruster exit jet interacts with the ambient flow and hence the path the jet takes downstream. Empirical relationships [34] have been developed for the path of the jet in a crossflow as a function of velocity ratio of the form:
This equation facilitates the calculation of the height of the jet centreline downstream of the thruster but does not provide any insight into the extent of the low pressure region. Therefore a simple approach is taken to defining the moment arm of this low pressure region using the experimentally measured forces and moments [20] . A conclusion from [35] is that the location of the centre of action of the low pressure force moves aft linearly with increasing speed ratio. A model of this form has been adopted with the coefficient, k, selected based on a best fit to the experimental data, that is:
With k specified simulations were undertaken across the full range of mid-transition speeds and transition steepness at one deceleration, -0.01m.s -2 . No alterations were made to the control strategy used. The depth profiles showed a reduced depth change with a more consistent return to the target depth across the range of mid-transition speeds.
The pitch variations showed a larger maximum pitch angle with a longer time spent with a negative pitch angle caused by the moment generated. The pitch oscillations still occur, but have a more consistent magnitude that is approximately equal to the average magnitude from the simulations without the moment included.
The energy variations show an overall decrease in energy usage attributable to the increased pitch angles and the smaller depth changes, meaning the thruster is required to do less work. The shape of the energy variations is also altered with a decrease in the energy for higher midtransition speeds (using both calculation approaches) showing that there may be a small energy benefit to transitioning at higher speeds.
The overall conclusion from these simulations is that the thruster induced pitch moment can have quite a substantial effect by inducing quite large pitch angles. However, in this case, these pitch angles benefit the operation of the vehicle and this is shown in an overall reduced energy cost. It should also be noted that the pitch moment is a function of the speed ratio, meaning it is unlikely to have an impact on the low speed manoeuvring performance of the vehicle.
MULTIPLE TUNNEL THRUSTERS
An AUV which has a single centrally mounted tunnel thruster has no pitch control at zero and low forward speeds. The simulations have shown that this is not necessarily a problem, due to the righting moment of the vehicle. However, in certain situations it may be useful to have pitch control, especially when undertaking low speed manoeuvres. A possible method of adding this pitch control is to use a tunnel thruster pair, mounting one forward and one aft of the vehicle centre. A key consideration is how much energy this would require. Manipulations of Equation (14) show that the energy used by two tunnel thrusters of the same diameter as the single tunnel thruster is a factor of (1/√2) less than that required by a single tunnel thruster. The diameter of the tunnel thrusters would need to be reduced by the same factor for the energy required by both approaches to be the same. However these requirements may not be practical in terms of the available locations and space onboard the vehicle.
In order to model the AUV using two tunnel thrusters it is necessary to account for the influence of one thruster on the other. Since there is very little published data for this condition and the experiments carried out so far [20] did not cover this configuration a small set of simulations will be carried out assuming that there are no interaction effects. Future planned experiments will provide the required insight on interaction effects. The performance of the aft thruster is assumed to be the same as the forward thruster, even though in reality this is not expected to be the case given the differing shapes of the surrounding hull form and differing ambient flow conditions.
In order to include the pitching moment on the vehicle the simplified representation used for a single tunnel thruster is adopted as shown in Figure 13 . Examination of Figure 13 yields the following balance of moments:
The modulus signs simply convert coordinates to levers. Again the forces due to the low pressure regions are evaluated from the difference between the force experienced by the vehicle and the expected force from the thruster. The forces and moment arms for the thrusters are the expected forces and the geometric spacing respectively. The moment arms for the low pressure regions are calculated in a similar manner to the single tunnel thruster, assuming that the thrusters are equispaced about the vehicle centre, then:
The moment arm gradient, k p , is an assumed constant. This modified model has been implemented into the pitch equation of the AUV model block.
A conflict arises when trying to use the tunnel thrusters to control the pitch of the vehicle, since the tunnel thrusters would operate on a vehicle with a zero pitch angle to maximise their performance. However, to allow the controllers to drive the pitch angle to zero would prevent balancing the positive buoyancy hydrodynamically. Despite this the controller was written to order the tunnel thrusters to set a zero pitch angle. The control interchange between the control surfaces and the tunnel thrusters for the pitch was undertaken on a basis of the forward speed using Equation (12) . This provides a scaled pitch demand to the tunnel thrusters. Therefore it only remains to allocate an appropriate rotational speed to each thruster to set the pitch angle. This is undertaken using an interchange function similar in form to Equation (12) , allocating the proportions of the rotational speed to the two thrusters as k 1 and k 2 , where:
Here P d is the pitch demand, P dL is a pitch limit setting the extents of the pitch range for the model and G is a constant that sets the steepness of the allocation. A high value of G sets a steeper, more responsive allocation.
(Note that the total rotational speed (or force) is dictated by the tunnel thruster depth controller as before).
A complete set of simulations at a deceleration of -0.01m.s -2 were run for this configuration. The results showed a depth change similar in magnitude to that for the single tunnel thruster (without pitch moment), but with a more consistent return to the target depth as found when including the pitch moment. The pitch curves are consistent across the range of mid-transition speeds and show a fairly large pitch angle followed by a rapid recovery to zero pitch with significantly reduced oscillations. Figure 14 shows a comparison of the pitch variations for the three configurations tested. This illustrates the large pitch angle experienced with the thruster pair and the significant reduction in the oscillations. The thruster pair curve has a non-smooth nature due to the simplicity of the thruster controller used in this complex situation. The energy cost is similar in shape to the results for the single thruster when including the pitch moments. The energy magnitude is much reduced, but in line with that predicted by the manipulations of Equation (14), that is, reduced by a factor of approximately (1/√2). Overall these simulations demonstrate the ability of the selected system to maintain the controllability of the AUV using a pair of tunnel thrusters to provide pitch control.
PRACTICAL ISSUES
The simulations reported in this paper demonstrate that a through-body tunnel thruster can be used to control the hydrostatic balance of an AUV undergoing the transition phase from survey operation to low speed operation. However it is also important to consider the practical impact of adopting such an approach.
The simulations have demonstrated that sufficient levels of controllability can be maintained using the tunnel thruster and hence the practical impact of using the tunnel thruster relates to the impact on the endurance of the vehicle. For the single tunnel thruster example considered, the energy required for the vehicle to hover is equivalent to the propulsion power required to propel the vehicle at 1.2m.s -1 (using a simplified estimate of propulsion power [36] ).
Whilst undertaking the transition phase the power load required by the tunnel thruster is higher than the hovering load due to the increased forces required to overcome the depth change and the loss of performance of the tunnel thruster at higher forward speeds. This high power load leads to an increased interest in reducing the use of the tunnel thrusters. Possible approaches include reducing the positive buoyancy (and hence force required) and extending the range of performance of the control surfaces.
A practical impact of the control approach used relates to the selection of the mid-transition speed and steepness. The mid-transition speed is likely to be selected on a basis of mission objectives since it is not advisable to undertake key mission objectives whilst operating in the transition phase. The steepness is likely to be selected as a compromise between having a smoother transition, which reduces the power load and improves controllability, versus the desire to use a lower steepness to reduce the extent, in terms of speed range, of the transition zone.
CONCLUSIONS
Standard manoeuvring equations have been modified to accommodate the influences of through-body tunnel thrusters. Use of (as yet) unpublished experimental data has been made to assess the influence of the downstream flow associated with the exiting jet from the thrusters. An approach to combining stern plane control and the thruster control to reflect the changing requirements as forward speed is reduced in a flight-style transition phase to a hover condition is used to test the vehicle performance and assess the feasibility of using tunnel thrusters to control the hydrostatic balance at low speeds.
Simulations of a survey-style AUV undertaking the transition phase have been undertaken for a range of decelerations and control interchange parameters to assess their influence on the performance of the vehicle and the associated energy cost. The results demonstrate that the selection of the control parameters can be made on a basis of the levels of vehicle performance and controllability desired since the energy cost is relatively consistent for smooth transitions.
Overall these results demonstrate the ability of the tunnel thruster configurations tested to maintain vehicle control throughout the transition phase and provide a means of estimating the associated energy cost to the vehicle. The practical issues associated with using tunnel thrusters have also been considered showing the estimated power loads required. The work reported here forms part of a wider research project to investigate approaches to extending the capabilities of survey-style autonomous underwater vehicles.
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